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I. INTRODUCTION
In recent years, the fast growth of the electronics and solar industry has led to an increasing interest in transparent and conductive oxides (TCOs).
1, 2 In particular, ZnO thinfilms are emerging as an alternative TCO to the commonly used indium tin oxide, combining low costs with low toxicity, ease of fabrication, and patterning. 3, 4 However, the electrical resistivity of ZnO films increases significantly in harsh environments (i.e., annealing in air or humidity damping), thus hindering a widespread use of ZnO films in devices that require long-term reliability. 5, 6 The industrial needs for deposition processes with highthroughput, low production costs, and no damage to the substrate (e.g., no bombardment by energetic ions) has driven the development of alternative techniques to sputtering for the growth of TCOs, such as atmospheric pressure CVD, low pressure expanding-thermal-plasma metalorganic-CVD, atmospheric pressure PE-CVD, and atmospheric pressure spatial atomic-layer-deposition (spatial-ALD). [7] [8] [9] [10] Spatial-ALD combines the advantages of conventional ALD (e.g., superior control of film composition, growth of uniform, pinhole free, and highly conformal thin-films on large area and flexible substrates) with high deposition rates (up to $nm/s). 11 For this reason, atmospheric pressure spatial-ALD is emerging as an industrially scalable technique for the deposition of thin film electrodes (e.g., ZnO) and encapsulation (e.g., by Al 2 O 3 thin-films) of solar and electronic devices. 10, 12 In this paper, we report on the stability of the electrical, optical and structural properties of spatial-ALD intrinsic (i-ZnO) and In-doped ZnO (In:ZnO) films, exposed to a high humidity and high temperature environment [85% relative humidity (RH), 85 C]. The effect of spatial-ALD Al 2 O 3 thin film encapsulation in enhancing the stability of ZnO films has also been tested.
II. EXPERIMENT
A schematic of the atmospheric spatial-ALD reactor used for the deposition is shown in Fig. 1 . Two different inlets are installed in the circular reactor head, one for the metal precursors and another for the oxygen precursor. The substrate is placed on a circular table which rotates underneath the reactor head. During each rotation, the substrate is exposed sequentially to each precursor. Between and around the reactant inlets, shields of inert gas (N 2 ) separate the precursor flows and seal off the reaction zones, thus making the reactor completely independent of the environment, enabling operation under atmospheric pressure conditions. The entire reactor is installed in a conventional oven, which can be heated up to 400 C. For the conditions reported in this paper, diethyl zinc [Zn(C 2 H 5 ) 2 , (DEZ)], trimethyl indium [In(CH 3 ) 3 , (TMIn)], and water (H 2 O) vapor have been used as zinc, indium, and oxygen precursor, respectively. Metal precursors and water are evaporated from bubblers, by using argon as carrier gas and transported to the reactor head through heated lines, to prevent condensation. The DEZ and TMIn bubblers are heated in thermostatic water baths at 32 C in order to control the vapor pressure of the precursors, while the ZnO films have been deposited on 15 Â 15 cm 2 glass substrate (Schott AF 32) with pretreatment cleaning by ethanol, rinsed by water, and subsequent blow drying with nitrogen. The damp-heat test is carried out in a climate chamber with 85% RH at a temperature of 85 C. The electrical, optical, and structural properties of the films have been measured after shortly taking the samples out of the climate chamber at different degradation times. After their characterization, the samples were placed back in the chamber to continue their degradation up to a total accumulated time of about 1000 h. The electrical properties and thickness of the films have been determined by using a Phystech RH 2010 Hall effect measurement, a Jandel universal four-point probe and a Veeco Dektek 8 Advanced Development Profiler, respectively. Film optical properties have been measured in the near-ultraviolet, visible, and near-infrared by a UV-3600 Shimadzu spectrophotometer. The photoluminescence (PL) spectra have been measured by using a Xe lamp excitation with an excitation wavelength of 325 nm at room temperature. A Philips X-pert SR5068 powder diffractometer, equipped with a Cu-Ka source, has been used to determine the crystallographic structure of the films. The zinc and indium content in the films has been measured in a FEI Quanta 600 FEG SEM system equipped with an energy dispersive x-ray (EDX) diagnostic.
III. RESULTS AND DISCUSSION
The electrical properties (i.e., resistivity, carrier density, and mobility) and In/Zn ratio of the as-deposited i-ZnO (ZO) and In:ZnO (IZO1, IZO2, IZO3) films are listed in Table I . Similar electrical properties are reported for intrinsic and doped ZnO films grown by conventional ALD. 13 The resistivity (q) of the films is defined as: found to increase with time. The values of carrier density and mobility during damp-heat exposure have been determined by Hall measurements and are plotted in Fig. 3 . The carrier density is almost constant during the first 100 h of degradation, while the carrier mobility decreases in both i-ZnO and In:ZnO, thus resulting in a higher value of film resistivity, as shown in Fig. 2 . The decrease in carrier mobility is particularly evident in films with a lower value of carrier density (e.g., ZO and IZO1), as also reported in Refs. 4 and 14 for CVD ZnO films. Hall measurements could not be performed for degradation times longer than about 100 h, due to the high values of sheet resistance (R s ) reached by the films (R s > 1000 X/sq).
The value of carrier density and effective mobility at longer degradation times have been calculated from the optical properties of the films. The band gap (E g.opt ) of degenerate ZnO films is known to have a systematic blue shift (the so-called Burstein-Moss effect 15 ) with increasing carrier density (N e ), according to the relation
where E g ¼ 3.2 eV (Ref. 16 ) is the energy of conduction band edge with respect to the top of the valence band, m e * is the electron effective mass, and h is the Planck's constant. When accounting for the nonparabolic band structure of ZnO, the dependence of the effective mass on the electron energy in the conduction band (E g.opt -E g ) can be approximated as
À31 kg the electron mass. 18, 19 The band gap (E g.opt ) of ZnO thin-films can be determined by using the relation
where the absorption coefficient (a) is calculated from the measured value of transparency (T), according to a ¼ 1=d lnðTÞ;
with d being the film thickness. 20 The values of the absorption coefficient (a), electron effective mass (m Ã e ), band gap (E g.opt ), and carrier density (N e ) can be calculated by solving the system of Eqs. (1)- (4) . Knowing the value of carrier density (N e ) and the resistivity (q) of the films as measured by the four point probe, the effective mobility (l eff ) of the carriers can be derived as
The transparency (T) and the squared value of the absorption coefficient (a calculated from Eq. (5). The values of band gap (E e ), electron effective mass (m e *), carrier density (N e ), and effective mobility (l eff ) are listed in Table II for as-deposited and degraded films. The effective electron mass (m e * ) is found to range from 0.35 to 0.6, according to the values reported typically in literature for ZnO films. 17 The values of carrier density and effective mobility as calculated from the optical properties of the films are comparable with the values calculated by the Hall measurements in the as deposited films, shown in Table I .
The value of carrier density (N e ) decreases partially in both i-ZnO and In:ZnO after 1000 h of damp-heat exposure. The increase in film resistivity displayed in Fig. 2 is mainly driven by a sharp drop in the value of carrier mobility, as shown in Table II and in Fig. 3 for both i-ZnO and In:ZnO. A similar damp heat degradation behavior has been observed also for sputtered and CVD ZnO films by several authors. 4, [21] [22] [23] [24] [25] [26] They propose that the diffusion of environmental gasses (e.g., oxygen, carbon dioxide, and water vapor) along the grain boundaries of ZnO films leads to a local increase in the density of traps states for the free carriers and in a higher potential barrier, which hinders the mobility of the carriers among the grains. 14 The carriers flow across the grain boundaries via thermionic emission and tunneling increases with the Fermi level, and therefore, films with higher carrier density are typically found to have more stable electrical properties in a harsh environment, as also shown in Figs. 2 and 3. 
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The creation of crystallographic defects in ZnO films during damp-heat test has been investigated by both x-ray diffraction (XRD) and PL. The XRD spectra of i-ZnO (ZO) and In:ZnO (IZO1) films are shown in Fig. 6 for the as-deposited condition and at different degradation times. Although different crystallographic orientations are present, spatial-ALD ZnO and In:ZnO films have a (100) dominant orientation with a wurtzite crystal structure, as also reported in literature. 10 With increasing time in a harsh environment, the peak position of (100) orientation shifts to lower angles for both i-ZnO and In:ZnO films, as shown in Fig. 6 for ZO and IZO3. A similar shift is observed for the other peaks in the XRD spectrum (not shown). This indicates that tensile stress is induced during damp-heat exposure by the formation of crystallographic defects in the lattice, which result from the diffusion of atmospheric gasses in the bulk of the film, and a possible partial corrosion of the film surface.
The creation of photo-active defects in ZnO films during damp-heat test has been investigated by photoluminescence. The PL spectra of i-ZnO and In:ZnO films plotted in Fig. 7 show that as-deposited films are characterized by a strong UV (380-390 nm) and violet/blue (400-480 nm) and a less intense green/yellow emission band (500-600 nm). The UV emission is attributed to the band-edge transition, to the exciton recombination or to the electron transitions from a band of shallow defects levels to the valence band. 28 The violet/ blue emission has been ascribed to different types (isolated and extended) of interstitial zinc, while the green emission is generated by the presence of oxygen vacancies. 29, 30 During damp-heat exposure, the intensity of the near-UV emission decreases sharply while the defects emission in the violet/ blue and yellow/green range does not increase significantly in all the films. This indicates that crystallographic defects, such as zinc vacancies, are created in the films during dampheat exposure, which can act as trap states and nonradiative recombination centers for the photoinduced electron-hole pairs. 31, 32 The stability of the electrical and optical properties of ZnO can be enhanced when preventing a direct exposure of the film to atmosphere by using a moisture diffusion barrier. 33, 34 The Al 2 O 3 is known to be an excellent gas diffusion barrier, capable of achieving intrinsic water vapor transmission rates (WVTR) in order of 10 À5 g/m 2 /day when grown by conventional ALD. [35] [36] [37] A similar value of intrinsic WVTR (10 À5 g/m 2 /day) has been measured for spatial-ALD Al 2 O 3 thin-films grown at $0.2 nm/s and a temperature of C, 85% RH environment. As shown in Fig. 8 , the stability of the electrical properties of InZnO films improves sharply with increasing the thickness of Al 2 O 3 film from 25 to 75 nm, possibly due to a better sealing of nanoparticles, present at the surface of ZnO, by the ALD film. When ZnO films are coated by a 75 nm thick Al 2 O 3 film, the decrease in near UV emission in the PL spectra is strongly attenuated and the shift in the position of the main (100) crystallographic orientation is not detected by XRD, as shown in Fig. 9 .
IV. SUMMARY AND CONCLUSIONS
Undoped (i-ZnO) and indium-doped ZnO (In:ZnO) films are deposited by the industrially scalable spatial-ALD technique. The stability of their electrical and structural properties in a harsh environment (85% RH, 85 C) has been investigated. The resistance of both ZnO and In:ZnO films is found to increase during damp-heat exposure, mainly due to a reduction in carrier effective mobility. The increase in resistivity corresponds to a degradation of the structural properties of ZnO films, resulting in a higher tensile stress level, as indicated by XRD analysis, and in a lower intensity of near-UV emission in the photoluminescence spectra. The stability of ZnO films is sharply enhanced when coating them by a spatial-ALD Al 2 O 3 moisture barrier. Being transparent in the visible range, spatial-ALD Al 2 O 3 thin-films can be used to enhance the reliability of electronic devices in which ZnO thin-films are used as front electrode, such as chalcogenide-based (e.g., CIGS) solar cells.
